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Reciprocity is fundamental to light transport and is a concept that holds also in rather complex
systems. Yet, reciprocity can be switched off even in linear, isotropic and passive media by setting the
material structure into motion. In highly dispersive multilayers this leads to a fairly large forward-
backward asymmetry in the pulse transmission. Moreover, in multilevel systems, this transport
phenomenon can be all-optically enhanced. For atomic multilayer structures made of three-level
cold 87Rb atoms, for instance, forward-backward transmission contrast around 95% can be obtained
already at atomic speeds in the meter per second range. The scheme we illustrate may open up
avenues for optical isolation that were not previously accessible.
PACS numbers: 42.50.Wk, 42.70.Qs, 42.50.Gy, 37.10.Vz
Much attention has been devoted to the development
of advanced materials and composite systems to achieve
optical functionalities not readily available in natural me-
dia. Such optical metamaterials can be engineered to
stretch the rules that govern light propagation and light-
matter interaction, potentially seeding a new paradigm
in all-optical, optoelectronic and optomechanical devices.
Photonic crystals and negatively refracting media are
prominent instances of man-made systems the optical
properties of which can be tailored to a great extent.
Nevertheless, some tasks are more difficult than others.
Already in the familiar process of linear reflection and
transmission of light [1] it is in general hard to achieve
non-reciprocity. In particular, multilayer photonic struc-
tures made with linear isotropic media with dissipation
and/or gain may exhibit reflection non-reciprocity, i.e.,
an unbalance between the forward and backward reflec-
tivities. There are even cases in which one of them can
be made negligible and the other one can increase with-
out limit with the sample thickness [2]; this occurs in the
so called PT -symmetric media which exhibit a variety of
peculiar optical properties [3, 4]. Yet, it is not possible
to achieve a non-reciprocal transmissivity in such linear
and passive systems. Transmission reciprocity is almost
ubiquitous in optics [1, 5].
Non-reciprocal transmission is however rather desir-
able for information processing and crucial to the devel-
opment of optical-based functional components in pho-
tonics. In much the same way in which electrical non-
reciprocity has been realized through diodes, devising
an optical diode is challenging, even in theory. Ide-
ally, an optical diode would allow total light transmis-
sion over a bundle of wavelengths in one direction, pro-
viding total isolation in the reverse direction. Previous
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work on non-reciprocal transmission has been based on
either magneto-optical effects [6–8] or non linear pro-
cesses [9, 10]. Other mechanisms have also been ex-
plored [11–13] and realized experimentally [14], including
more involved diode designs based on two-dimensional
square-lattice photonic crystals [15] or non-symmetric
photonic crystal gratings exhibiting anomalous diffrac-
tion effects [16]. Interesting proposals to achieve full non-
reciprocity have recently been proposed either by dynam-
ically inducing indirect photonic transitions [17] or by ex-
ploiting other acousto-optic effects induced by ultrahigh
frequency coherent acoustic waves [18]. The latter two
are instances in which the time-independence of the opti-
cal response is broken due to the presence of the phonon
field. However, most of these reported schemes to date
require complex structures, demanding operating thresh-
olds often with fairly low non-reciprocal output. Most
importantly they exhibit a limited tuning range, which
clearly restrains the efficiency of such schemes.
As dynamic optical isolation is in great demand in ad-
vanced optical communications, the question we will ad-
dress here is whether a different physical principle can
be used to devise a scheme that provides all-optical con-
trol over non-reciprocal transmission. An efficient way
to create optical isolation is via time-reversal symme-
try breaking [19, 20]. Within such a regime several re-
cent schemes have demonstrated good properties. How-
ever, these systems exhibit little room for tuning, and
either large losses [5], or magnetic fields that could ham-
per the performance of nearby devices [21]. In contrast,
we propose a mechanism where a large and tunable non-
reciprocal transmission effect can be observed in a linear,
dispersive and moving Bragg multilayer. The motion of
the multilayer breaks the time-reversal symmetry. This
is used to control non-reciprocity, which may be further
enhanced by optically controlling the degree of disper-
sion of the multilayer. Bringing together motion and
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2control over optical dispersion constitutes a new physical
approach for non-reciprocal transmission management in
multilayer photonic structures.
To start with, we consider light propagating at normal
incidence on a planar inhomogeneous multilayer made
of isotropic, linear, non-magnetic materials with non-
negligible losses, placed in an otherwise empty space
and moving perpendicularly to the multilayer-vacuum
interface (i.e., along the optical axis of the system).
This provides the simplest example of forward/backward
transmission asymmetry induced by macroscopic motion.
While in the multilayer rest frame the frequency depen-
dent transmission T (ω) is reciprocal, in the lab frame
at a given incident frequency ω′, the transmission T (ω′)
is in general different in the two propagation directions
since the Doppler effect gives rise to two different rest
frame frequencies. Specifically, consider a multilayer
moving with constant velocity υ = υxˆ (υ/c  1) along
its optical axis x (see Fig.1). The frequency ω′ of a
monochromatic light beam propagating along ±xˆ in the
lab frame (primed) is seen in the rest frame (unprimed)
as ω± ' (1∓ υ/c) ω′ (first order in υ/c). More generally
for a Gaussian pulse of central frequency ω′p and spa-
tial length L′ propagating forward (+xˆ) and backward
(−xˆ) across the moving multilayer, the corresponding lab
frame transmission [25] can be written as,
T±(ω′p,L′) '
L′
c
√
2pi
∫ ∞
−∞
dω′e−
(ω′−ω′p)2
2(c/L′)2 T
(
(1∓ υ
c
)ω′
)
(1)
Thus, forward/backward asymmetry in pulse transmis-
sion can be characterized by the non-reciprocity param-
eter ∆Tp(ω
′
p,L′) ≡ T+ − T−. A physical insight into
the mechanism we propose may already be provided by
considering a multilayer having a smooth frequency de-
pendence of the transmissivity over the pulse bandwidth
c/L′. Expanding T (ω) in a Taylor series one has [26]
∆Tp(ω
′
p,L′) ≈ −υc
(
2ω′p
dT (ω′p)
dω + (
2c
L′ )
2 d
2T (ω′p)
dω2
)
, which
shows that for a nearly monochromatic pulse (L′ → ∞)
an appreciable degree of non-reciprocity would require a
steep frequency derivative of T (ω). However, values not
far from |dT (ω)/dω| ∼ c/(ωpv) are hardly achievable via
standard multilayer systems such as e.g. solid state di-
electric Bragg mirrors [27] where non-reciprocity values
of |∆Tp| are expected to be far from unity.
Such a small values of |∆Tp| can be increased by us-
ing ultra-cold atoms in optical lattices [28], which have
been the playground over the years for the study of com-
plex optical phenomena [29, 30]. In the following we
will consider an atomic photonic structure (see Fig.1)
whose constituent materials can be arranged so as to
form a periodic multilayer structure that effectively be-
haves as a Bragg mirror [22], and which can be set into
motion at speeds of several meters per second [23, 24].
Such an atomic Bragg mirror naturally exhibits reso-
nant absorption and dispersion and represents an inter-
esting challenge within the context of cold atoms opto-
mechanics [31–33]. Such a system can be realised through
FIG. 1. Transmission non-reciprocity in a moving
atomic Bragg mirror. Cold atoms loaded into a far de-
tuned optical lattice (dipole trap) may arrange themselves into
a 1D chain of pancake-shaped atomic layers [22], of average
thickness d and located at the lattice antinodes (period a).
This ordered structure, when set to move coherently [23, 24]
inside all wells of the optical lattice, becomes a highly disper-
sive moving Bragg multilayer. The non-reciprocity parameter
of such a structure, ∆Tp = T+−T− (see text), where T+ cor-
responds (a) to the transmission of a light pulse moving in
the forward direction with respect to the atoms velocity υ,
and T− corresponds (b) to light transmission for backward
incidence. (c) Three-level atoms used to create the Bragg
mirror. The states |1〉, |2〉, and |3〉 correspond here to the D2
line of 87Rb. The atoms are driven into a typical Λ configura-
tion by the incident pulse (Ωp) and a pump (Ωc) that is used
to enhance non-reciprocity (see text). (d) Typical reflectivity
profile of an atomic Bragg mirror at rest, as computed from
Eq.(2) and plotted as a function of the scaled probe frequency
detuning. The sharp edge of a third stop-band is highlighted
over the typical frequency range where the incident pulse ex-
hibits a large nonreciprocal effect. Transmittivity (red) and
reflectivity (blue) of a reference pulse (black) incident from
(e) the left and from (f) the right, showing a large asymme-
try in the forward-backward propagation. Sample and pulse
parameters in (e)-(f) are the same as in Fig. 2.
3cooling atoms into the vibrational ground state of each
potential well of a sufficiently long and red-detuned con-
fining 1D optical lattice (dipole trap). The resulting
atomic distribution may be described as an array of disks
separated by vacuum (see Fig. 1) whose thickness d is
essentially given by the rms position spread around the
minima of the optical potential and is much smaller than
the lattice periodicity a [35]. The corresponding period-
ically modulated refractive index has been predicted to
give rise to pronounced photonic stop-bands [36–39]. In
spite of the fact that efficient photonic structures with
cold atoms are difficult to make because dilute atomic
clouds have a low refractive index contrast and intrinsi-
cally short lengths, efficient Bragg reflection has recently
been demonstrated in atomic multilayers which yield a
well developed one-dimensional photonic gap with nearly
80% reflectivity [22].
FIG. 2. Panel (a) shows the rest frame transmissivity T (ω)
(solid) and reflectivity R(ω)(dashed) for a dressed atomic
photonic crystal with Ωc = 100 MHz (black) or Ωc = 0.0
(red). The sharp prominent peak of T corresponding to the
edge of the third narrow stop band optically controlled by
the pump (see the black curves for Ωc = 100 MHz). Panel
(b) shows the pulse non-reciprocity parameter ∆Tp plotted as
a function of the detuning of the probe central frequency ω′p
from the atomic resonance ω31 computed for L′ = 120 m and
υ = 20 m/s with Ωc = 100 MHz (black) or Ωc = 0.0 (red).
Inverting the velocity would change the sign of ∆Tp. Other
parameters are γ13 = 6.0 MHz, γ12 = 1.0 kHz, ∆c = 0.0,
µ13 = 1.5 × 10−29 Cm, n = 1.0 × 1012cm−3, l = 0.5 cm,
λ31 = 780.792 nm, λL = 780.787 nm, a/d = 20.
Such atomic Bragg mirrors are fairly robust against
imperfections such as varying density across the mirror
length and can be set to move making use of schemes that
are familiar to experiments exploring the wave-packet dy-
namics in light-shifted potentials [23, 24]. The motion of
the periodic atomic multilayers can in fact be envisaged
as a collective oscillation of the atomic wave-packet in
the light-shift potential wells, much resembling that of
a coherent state of atoms oscillating within a harmonic
potential. Such oscillations may be induced e.g. by sud-
denly shifting the optical lattice after the atoms have
been brought to equilibrium at the bottom of the lat-
tice sites [23]. Not only can such an atomic mirror lead
to unidirectional transmission effects over 95%, but non-
reciprocity can also be effectively tuned. Such a control
(tuning) of the transmission non-reciprocity can be per-
formed all-optically through implementation of a three-
level Λ atomic configuration in the presence of a strong
pump beam (see Fig. 1). We here refer, to be definite, to
the D2 line of 87Rb atoms. The dressed atom susceptibil-
ity [30] is then characterized by an Autler-Townes (AT)
doublet rather than by a single absorption line and can
be tuned on demand by changing the pump intensity and
frequency as described by
χ(ωp) =
nµ213
2ε0h¯
γ12 − i(∆p −∆c)
[γ12 − i(∆p −∆c)](γ13 − i∆p) + Ω2c
(2)
where γ12 (γ13) is the dephasing rate of the spin (optical)
coherence ρ12 (ρ13), ∆p = ωp − ω31 (∆c = ωc − ω32) is
the probe (pump) detuning relative to transition |1〉 ↔
|3〉 (|2〉 ↔ |3〉), while µ13 denotes the relevant electric-
dipole moment. We assume a pump of Rabi frequency
Ωc travelling in the y (or z) direction and a probe of
Rabi frequency Ωp travelling in the x direction (the probe
beam may make a small angle with the x direction so to
adjust the photonic crystal periodicity as in [22, 38]).
The dressed susceptibility in Eq.(2) holds in the limit of
a weak probe (Ωp  Ωc), within the rotating-wave and
electric-dipole approximations. In particular, for Ωc 
γ13, the dressed susceptibility evolves into that for two
well separated AT split levels. The dressed atoms are
loaded into an optical lattice of period a formed by retro-
reflecting a light beam of wavelength λL = 2a (see Fig.
1). As mentioned above, in each period of such a dipole
trap the confined atoms occupy a small region d  a
with a homogeneous volume density n.
This periodic 1D index modulation gives rise to pro-
nounced photonic stop-bands as expected, and the trans-
fer matrix formalism can be used to describe the prop-
agation of a probe field of frequency ω through such an
atomic stack of length l  a, to compute the transmis-
sivity T (ω) in its rest frame (see [38] for a detailed de-
scription in an analogous context). Notice that in a non-
resonant multilayer stack, as in the case of a standard
distributed Bragg reflector, a single stop-band opens up
around the Bragg frequency; conversely, in the presence
of a resonant absorption line close to the Bragg frequency,
two stop-bands will originate from the interplay between
the polaritonic gap due to the resonance and the Bragg
gap due to the periodic index modulation [38]. Yet, when
the pump is on, a third narrow stop-band arises and fits
4FIG. 3. Pulse non-reciprocity parameter ∆Tp as a function
of the normalized probe detuning (ω′p − ω31)/γ13 and of the
normalized pump Rabi frequency Ωc/γ13. Other parameters
are the same as in Fig. 2. In particular, the pump beam
has been taken to be resonant (∆c = 0) with the |2〉 ↔ |3〉
transition.
between two wider ones separated by the AT splitting
[40, 41]. Precisely this additional stop-band is here ex-
ploited as its edge gives rise to a very steep frequency
dependence of the transmissivity T (ω) near the atomic
resonance where absorption is significantly suppressed.
The width and position of this narrow stop-band de-
pend critically on both pump frequency ωc and pump
intensity ∝ |Ωc|2 [see Fig. 2(a)], which is what allows
an efficient optical control of the degree of reciprocity
in the transmissivity T (ω). Fig. 2(b) shows the non-
reciprocity parameter ∆Tp for a light pulse incident onto
a moving dressed atom photonic crystal (see Fig. 1) as
a function of the pulse detuning (ω′p − ω31)/γ13 of cen-
tral carrier frequency from atomic resonance. A very
large non-reciprocity effect appears even at a speed as
slow as υ = 20 m/s owing to the steep frequency de-
pendence of the rest frame transmissivity T (ω), while
the all optical control of ∆Tp is achieved through mod-
ulating the pump beam in frequency and in intensity.
That is, for a 5.0 mm long atomic lattice, the trans-
missivity peak reaches almost 100% at the third stop-
band edge and drops to near zero in less than 100 MHz.
Correspondingly, the non-reciprocity parameter ∆Tp ap-
proaches 96% for a nearly monochromatic pulse with the
full bandwidth of 2.5 MHz (L′ = 120 m). In Fig. 3 we
plot the non-reciprocity parameter ∆Tp as a function of
both pump Rabi frequency Ωc and probe pulse detuning
(ω′p − ω31)/γ13. It is clear that the best non-reciprocity
effect occurs when the pump Rabi frequency is set in the
AT splitting regime with 10γ13 <∼ Ωc <∼ 30γ13. Fig. 4(a)
further shows the dependence of the non-reciprocity pa-
rameter ∆Tp on the pulse length L′. As we can see, ∆Tp
reduces from a value of about 92% to a value of about
38% for the sample velocity υ = 15 m/s when L′ is de-
creased from 120 m to 10 m. Fig. 4(b) finally shows the
dependence of the non-reciprocity parameter ∆Tp on the
sample velocity υ. We find that when ∆Tp approaches
100% for L′ = 120 m its velocity dependence is nonlinear
and tends to saturate already at υ ≈ 20 m/s.
FIG. 4. Pulse non-reciprocity parameter ∆Tp as a function of
the normalized probe detuning (ω
′
p − ω31)/γ13 computed for
υ = 15 m/s and L′ = 120 m (red), 30 m (black), 10 m (blue)
in (a); for L′ = 30 m and υ = 20 m/s (red), 15 m/s (black),
10 m/s (blue) in (b). Other parameters are the same as in
Fig. 2 (with Ωc ≡ 100 MHz).
It is worth noting that the wide tuning of both mag-
nitude and sign of ∆Tp achieved through the present
reciprocity-breaking mechanism could be exploited to re-
alize transmission modulation in hybrid optomechanical
atom-membrane interfaces where the collective motion
of ultracold atoms is strongly coupled to the vibration
of a micro-mechanical membrane [32, 33] (another simi-
lar means for enhancing optomechanical coupling can be
found in [34]). The unidirectional effect that we antici-
pate here for highly dispersive moving multilayers does
not rely on any notion that is unique to atoms and
hence the scheme may also be adapted to specific op-
tomechanical metamaterial structures where the same ef-
fect could be observed or reversibly used for mechanical
sensing [32, 42, 43]. On a more general ground, how-
ever, the reciprocity-breaking approach we suggest here
is expected to stimulate further insights into the general
transport theory of light in periodic structures [44], per-
haps opening up novel possibilities in guiding and redi-
recting the flow of electromagnetic radiation in such me-
dia.
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